We demonstrate a clear similarity between attoclock offset angles and Rutherford scattering angles taking the Keldysh tunnelling width as the impact parameter and the vector potential of the driving pulse as the asymptotic velocity. This simple model is tested against the solution of the timedependent Schrödinger equation using hydrogenic and screened (Yukawa) potentials of equal binding energy. We observe a smooth transition from a hydrogenic to 'hard-zero' intensity dependence of the offset angle with variation of the Yukawa screening parameter. Additionally we make comparison with the attoclock offset angles for various noble gases obtained with the classical-trajectory Monte Carlo method. In all cases we find a close correspondence between the model predictions and numerical calculations. This suggests a largely Coulombic origin of the attoclock offset angle and casts further doubt on its interpretation in terms of a finite tunnelling time.
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I. INTRODUCTION
Measuring an offset angle of the peak photoelectron momentum distribution in the polarization plane of a close-to-circularly polarized laser field has been used to determine the tunnelling time which the photoelectron spends under the barrier [1] [2] [3] [4] . Once the photoelectron leaves the tunnel at the peak value of the electric field, the most probable detection direction will be aligned with the vector potential at the instant of tunnelling. This direction is tilted by 90
• relative to the electric field at this instant. A measurable angular offset from this axis can be converted to the time the photoelectron spends under the barrier with the conversion rate of 7.4 attoseconds (1 as = 10 −18 s) per 1
• at 800 nm. Such a measurement is termed colloquially the attoclock. A similar reading can be obtained from an attoclock driven by a very short circularly polarized laser pulse [5] [6] [7] [8] [9] .
These attoclock measurements were made to address the controversy of a finite tunnelling time which has many decades of history [10] . This controversy is yet to be resolved with many conflicting reports of a finite time [11, 12] as opposed to zero tunnelling time [5, 6, 9, 13] . A promising pathway to resolving this controversy is to examine an often neglected aspect of the attoclock measurement, the offset angle induced by the Coulomb field of the ion remainder. In theoretical calculations based on a numerical solution of the time-dependent Schrödinger equation (TDSE) [14] [15] [16] , the Coulombic and tunnelling components of the offset angle are inseparable. The Coulombic field's contribution can be switched off however by replacing the atomic potential with the short-range Yukawa potential of the same binding strength. This procedure effectively eliminates the offset angle thus suggesting zero tunnelling time [5, 13] . In various classical (the TIPIS model [17] , back-propagation [6, 7] , CTMC [8] ) or semiclassical simulations (the ARM model [5] ), the Coulomb field is separable and its effect can be unambiguously determined.
If the laser field is not very strong and the pulse is sufficiently short, we can assess the Coulomb component of the offset angle by considering the motion of the photoelectron in the Coulomb field alone, decoupling it from the laser field altogether. Invoking scattering concepts in photoionization studies has been very fruitful over the years. The earliest and most relevant example is the Wigner group delay introduced initially for particle scattering [18] but more recently has found wide use in quantifying photoemission time delay in multi-photon ionization [19] . Further examples are multi-channel scattering theories: the random phase approximation with exchange [20] and the convergent close-coupling theory [21] . The former describes electron scattering and photoionization of the closed-shell atoms while the latter solves the Coulomb three-body problem and describes singlephoton double ionization of two-electron atomic targets.
In the present work, we apply a similar concept: the photoelectron is tunnel ionized and then scatters elastically on the ion remainder. We examine cases where the applied field is relatively weak and the pulse is short such that the actual trajectory of the field driven photoelectron is similar to that of an elastically scattered particle. This allows us to estimate the offset angle from the classical scattering formula [22] 
Here ρ is the impact parameter, v ∞ is the velocity of the projectile at the source and the detector, and the point of the closest approach r 0 is the largest positive root of of the denominator. In the following we adopt the system of atomic units and set the charge and mass of the electron as well as the reduced Planck constant to unity e = m = = 1. In the case of the attractive Coulomb potential V (r) = −Z/r, Eq. (1) takes the form of the Rutherford formula [22] tan
In a more general case of a screened Coulomb potential V (r) = −Z/r exp(−r/λ), the offset angle is given by a modified expression [23] which is, up to a typically small numerical correction (see Eq. 13 of [23] ),
Here z 0 is the root of y(z) The tunnel ionized electron enters this trajectory at the point of the closest approach r0 driven by the peak electric field E0 and arriving to the detector at the angle θA relative to the vector potential A0. Right: The Coulomb potential is tipped by the light field. A finite width potential barrier is created, through which the electron wave packet leaks out. Ip refers to the binding energy of the electron in an unperturbed atomic system. See text for further symbol definitions.
Eqs. (2) and (3) can be readily applied to the case of tunnelling ionization. Firstly, we note that photoionization can be considered as half-scattering and the offset angle should be taken as one half of the Rutherford or Yukawa scattering angles. Similarly, the Wigner time delay in photoemission is equated with the energy derivative of the scattering phase whereas it is twice this value in electron scattering. Secondly, the point of the closest approach r 0 should be taken as the tunnel exit position which, for the Coulomb potential, is the largest root of the equation
Here I p is the ionization potential, E 0 is the peak value of the electric field, b = I p /E 0 and a = Z/I p . In the weak field limit, r 1 = b ≫ r 2 = a ≃ 1, where a is the characteristic span of the atomic orbital. The onset of the over-the-barrier ionization (OBI) corresponds to r 1 = r 2 and E 0 = I 2 p /(4Z) (right panel of Fig. 1 ). We note that the b parameter is used to evaluate the Keldysh tunnelling time τ = b/v at with v at = 2I p which, in turn, defines the adiabaticity parameter γ = ωτ [24] . Finally, we equate the asymptotic velocity with the value of the vector potential at the moment of ionization v ∞ = A 0 . In the case of adiabatic tunnelling, the longitudinal velocity of the tunnelled electron in the direction of the electric field E 0 at the point of exit is zero. Similarly, the radial velocity of the scattering electron at the point of the closest approach r 0 is also vanishing.
To proceed further, we assume that ρ ≃ r 0 which is a reasonable approximation in the case of small scattering angles. This also entails tan(θ/2) ≃ θ/2. In addition to this we neglect the influence of the central potential at the tunnel exit and simply set r 0 = b. With these assumptions, the attoclock offset angle in the case of the pure Coulomb potential takes the form
This equation allows for an alternative interpretation. Indeed, the Rutherford formula (2) can be re-written as
where L is the angular momentum of the projectile. In the attoclock experiment with circular polarized light, each photon absorption adds one unit of angular momenta and hence L ≃ I p /ω. This immediately leads to Eq. (5).
The signature of this Keldysh-Rutherford (KR) formula is the field intensity dependence of the offset angle θ A ∝ E −1
This dependence can be understood as a result of competition of the two terms in Eq. (2): the kinetic energy term v 2 ∞ /2 and the potential energy term Z/ρ. As the field intensity grows, the kinetic energy grows linearly with I. Hence this term alone would result in a I −1 dependence of the offset angle. This is partially compensated by the potential energy term as the width of the barrier decreases as I −1/2 . Hence the resulting offset angle also decreases as I −1/2 . The signature of the OBI regime is a I −1 dependence as the tunnel width no longer depends on the field intensity.
The recent attoclock measurement on the hydrogen atom [13] confirmed the I −1/2 dependence experimentally. This measurement, however, used relatively long pulses without carrier envelope phase stabilization. In addition, the offset angle extraction procedure was rather complicated due to experimental constraints. As such this data set does not provide a good reference to test the KR model against. Instead, we conduct our own "numerical experiment" in a similar manner to that of [5] . We solve numerically the TDSE i∂Ψ(r)/∂t = Ĥ atom +Ĥ int (t) Ψ(r) ,
whereĤ atom describes the atomic target in the absence of the applied field and the interaction Hamiltonian is written in the velocity gaugê
The vector potential of the driving pulse we take as
with the envelope function f (t) = cos 4 (ωt/4) for −2π/ω < t < 2π/ω and zero elsewhere. The (peak) field intensity is given by I = 2(ωA 0 ) 2 and the frequency ω ≃ 0.057 a.u. corresponds to 800 nm radiation. At the tunnelling instant t = 0 the electric field E 0 reaches its maximum in theê y direction whereas the vector potential A 0 is largest in the −ê x direction. The rotating electric field of the driving pulse causes the photoelectron to make a single turn by 90
• before it arrives to the detector in theê x direction with momentum A 0 . Photoelectron scattering in the Coulomb field adds an offset angle θ A relative to this direction (left panel of Fig. 1 ).
FIG. 2.
Photoelectron momentum distribution in the polarization plane at a driving field intensity of I = 8.6 × 10 13 W/cm 2 on hydrogen. The offset angle θ relative to the vector potential direction at the instant of tunnel is marked. The coloration ranges from zero (red) to the maximum amplitude (black) linearly.
Solution of the TDSE (7) is found using the iSURF method implemented in [25] . A typical calculation takes around 140 CPU hours on a high-performance, distributed-memory cluster. The solution of the TDSE is projected on the scattering states of the target atom thus forming the photoelectron momentum distribution. A typical 2D momentum distribution in the polarization plane k 2 P (k x , k y ) is shown on the top panel of Fig. 2 . This distribution is integrated radially to obtain the angular distribution P (θ) = dk k 2 P (k x , k y ). It is then fitted with a Gaussian to determine the peak position and this value assigned to the attoclock offset angle θ A . The symmetry of P (θ) relative to θ A is carefully monitored and serves as a test of the quality of the TDSE calculation.
Resulting values of the offset angle θ A for hydrogen at various field intensities are plotted in Fig. 3 . We find the present set of TDSE calculations to be hardly distinguishable from the set labeled H2 of TDSE calculations reported in [5] . This is contrasted with the two KR and KR ′ estimates. For the former we simply plot (5), whereas in the latter we do not make the small angle approximation for the tangent function. Accordingly both estimates converge together with increasing field intensity. The KR scales at all intensities as I −0.5 by construction. Fitting the KR ′ in the low intesity range yields I −0.44 . The TDSE results displays a similar dependency of I −0.41 scaling for the same region but then flattens and deviates from both the KR and KR ′ . This is understandable as the KR model is expected to be valid only for weak fields where the field driven trajectory is close to that involved in field-free scattering.
In Fig. 4 we present the offset angles for a model Yukawa atom as a function of the driving pulse intensity. The top panel contains our TDSE results whereas the bottom panel displays the predictions of the KY ′ model, identical to that of KR ′ but instead based on Eq. (3). Each curve on these panels correspond to a given value of the screening constant λ which varies from a purely Coulombic case λ = ∞, to the severe screening λ = 1 considered in [5, 13] . In all cases, the nuclear charge Z is chosen such that the ionization potential remains equal to that of the hydrogen atom I p = 0.5. At smaller λ, the TDSE results shown on the top panel of Fig. 4 do not follow predictions of the KY ′ model faithfully. This occurs as with decreasing intensity the photoelectron momentum, and associated de Broglie wavelength, becomes comparable to the screening length and hence the scattering process can not be considered classical [23] . Nevertheless, both sets of curves are qualitatively very similar. We observe that the field intensity dependence of the offset angle for a Yukawa atom is drastically different from the purely Coulombic case. Instead of the growth with decreasing field strength, the offset angle becomes smaller. This is understandable as the tunnel width b = I p /E 0 grows and becomes comparable with the screening length λ. In this regime, the offset angle is exponentially cut off. For the field intensity of I = 5 × 10 13 W/cm 2 , b ≃ 20. Accordingly, we observe a significant decrease of the offset angle at and below this field intensity for the Yukawa atom with screening length λ = 20. Finally, the offset angles are essentially zero in both the TDSE and KY ′ in the case of severe screening λ = 1 as in [5, 13] . Although the KR model is developed explicitly for hydrogenic targets, it can be easily applied to other atoms. Indeed, the asymptotic charge affecting the departing photoelectron is always the same for all neutral atomic systems. Hence the basic premise of the KR model remains valid. To test this model for other atoms, we choose an extended set of attoclock simulations [8] conducted using the classical-trajectory Monte Carlo (CTMC) method. We fit the CTMC offset angles with the KR ansatz
where I 0 = 3.51 × 10 16 W/cm 2 is one atomic unit of field intensity. We use α and β as fitting parameters which indicate the deviation of the CTMC calculation from the KR predictions. Results of the ansatz (10) application are illustrated in Fig. 5 . We see that for small intensities the scaling of the offset angles with the field intensity is indeed close to I −0.5 . There is most deviation from the KR prediction in Ar and Xe where the fitting parameters are comparatively large. These parameters are in contrast near zero for the targets with larger ionization potentials, He and Ne.
In conclusion, we derived a simple empirical expression for the attoclock offset angle based on the classical Rutherford scattering formula and the Keldysh estimate of the tunnel width. Utility of these formulas is demonstrated through application to hydrogen and Yukawa atoms in addition to noble gas atoms driven by short circularly polarized pulses. Due to its simplicity, the Keldysh-Rutherford formula can be easily applied to attoclock experiments with arbitrary polarization though modification of the above formalism to account for nonunitary ellipticity. One such case being the recent attoclock measurements on atomic hydrogen [13] , where the signature field intensity scaling of the KR model I −0.5 was indeed observed. These measurements as well as the earlier "numerical experiment" [5] were indicative of a zero tunnelling time. This interpretation followed from the TDSE simulations with the screened Yukawa potential with λ = 1 which set the attoclock offset angles to zero independently of the field intensity. In the present work we show that this interpretation is overly simplistic. Indeed, the cross-over from the hydrogen to Yukawa atoms is smooth and by decreasing the screening length λ one can switch off the action of the Coulomb field gradually. In fact it is only the shortest screening length λ = 1 considered here that sends the offset angles below 1
• . Nonetheless, in each case we find the offset angles to follow closely the predictions of the KR model and as such are not, most likely, related to the time the tunnelled electron spends under the barrier.
